In Escherichia coli, YaeT, together with four lipoproteins, YfgL, YfiO, NlpB, and SmpA, forms a complex that is essential for β-barrel outer membrane protein (OMP) biogenesis.
absence of YfgL. Using bioinformatics, genetics, and biochemical techniques, we found that altering just three amino acids of the mature YfgL-L173, L175, and R176-results in a yfgL-null phenotype and severely weakened YaeT interaction without significant defect in the biogenesis of the mutant YfgL protein. Substitutions in another region of YfgL, E221 to D229, also resulted in YaeT binding defects. In contrast, alterations of conserved residues near the C-terminus of YfgL, from V319 to H328, affected the structural stability of the lipoprotein. Finally, data from the YfgL mutants provide evidence that SurA, presumably with its OMP cargo bound to it, interacts with YaeT directly or indirectly via another complex member, but not via YfgL.
Materials and Methods
Bacterial strains. All E. coli strains used in this study are derived from MC4100
[F¯araD139 ∆(argF-lac)U169 rpsL150 relA1 flb5301 deoC1 ptsF25 rbsR thi -1] . Three of the strains, ∆ara ∆yfgL-scar, ∆ara ∆yfgL-scar ∆degP::Tn10, and ∆acrA-scar ∆tolC::Km, were created in previous studies (1, 2) . A fourth strain, ∆ara ∆yaeT/λP BADyaeT bla, contains an arabinose-inducible copy of yaeT introduced to replace the disrupted native yaeT. The strain also harbors the pZS21 plasmid with a hexahistidinetagged yaeT insert (32) . Without arabinose induction, expression of the chromosomallyintegrated copy of yaeT was negligible and the expression of the plasmid-borne yaeT was comparable to that of the wild type strain (personal communication) . From this strain, we constructed two more for this study by moving a yfgL + or ∆yfgL-scar allele with a linked Cm R -marker that is 90% linked to yfgL by P1 transduction. The yfgL PCR product and the pBAD24 plasmid were cut with NheI and HindIII restriction enzymes (New England Biolabs) and ligated with T4 DNA ligase (Fermentas).
A C C E P T E D
In a similar fashion, yfgL homologs from P. aeruginosa and V. cholerae were cloned into the vector pTrc99A digested with NcoI and HindIII. P. aeruginosa yfgL was amplified using the forward primer 5'-CCTGCCATGGTGCAATGGAAACACGCGGCGC-3' (NcoI restriction site underlined) and the reverse primer 5'-ATCATAAGCTTAGTGATGGTGATGGTGATGGCGGATGGTGTAGGCGACGAGC-3' (HindIII cut site underlined and 6-histidine tag italicized). V. cholerae yfgL was amplified using the forward primer 5'-CTCCCTCATGAAGAAGCTGTTCAATCAAGTG-3' (BspHI restriction site underlined) and the reverse primer 5'-ATCATAAGCTTAGTGATGGTGATGGTGATGTTGTTGAATCGTCAGCTTCTTTAT CTGGC-3' (HindIII site underlined and 6-histidine tail italicized). E. coli chromosomal acrA was amplified with the forward primer 5'-GCAGGTACCGGACACTCGAGGTTTACATATG-'3 (KpnI cut site underlined) and respectively, in our previous works (41, 42) .
The YfgL 6His variants were created using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) per the manufacturer's instructions and the pBAD24-yfgL 6His construct as the template. The two YfgL 6His scramble alleles were generated via two rounds of site-directed mutagenesis (SDM). In the first round, a guanine was inserted between the second and third base of the P171 codon (Scramble 1) and the first nucleotide of the S172 codon was deleted (Scramble 2). In the second round of SDM, the third nucleotide of the 180 Growth conditions. Growth of strain expressing plasmid-borne yfgL allele in a ∆yfgL-scar ∆degP::Tn10 background was tested by incubating the mutant at 30°C for 20 hr on LB-agar plate with arabinose (0.2% w/v final). MIC determination was performed by inoculating 10 6 cells in 1 ml LB containing 0.2% arabinose followed by incubation at 37°C for 18 hr on a roller drum. Immunoprecipitation. 25 ml LB was inoculated with 1:100 dilution of an overnight culture and incubated to OD 600 ≈ 0.3 at 37°C before the cells were induced with arabinose (0.2% final) for 2 hr to overexpress both YaeT and His-tagged YfgL. Cells were pelleted and lysed by freeze-thawing in 0.1 ml lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 0.1 mM EDTA, 0.35 µM lysozyme, 0.1% Triton). After incubation on ice for 30 min, proteins in the cell lysates were solubilized under gentle conditions using 1 ml BugBuster Protein Extraction Reagent (Novagen), 0.5 µl Benzonase Nuclease (Novagen), and 0.1 mM (final) PMSF for 20 min at room temperature on a rotating mixer. The mixtures were centrifuged for 25 min at 20,000 × g and supernatants containing the solubilized proteins were saved. Proteins in the clarified extract were precipitated using the IP50 Protein G Immunoprecipitation Kit (Sigma-Aldrich) per the manufacturer's protocol with the following optimizations. Incubation of 300 µl extract with 0.4 µg Penta-His antibody (QIAGEN) was done overnight at 4°C on a rocker.
Following incubation with Protein G beads, seven washes were performed, the first two of which contained 0.5M NaCl. Precipitates were eluted from immunoprecipitate columns after boiling for 5 min in 50 µl SDS-sample buffer containing β-mercaptoethanol. Eluates were separated on 11% SDS-polyacrylamide gel. Proteins were visualized using the SilverQuest silver staining kit (Invitrogen) per the manufacturer's instructions. Proteins were also subject to Western analysis as described below.
Cross-linking. Cells harboring the mutant yfgL 6His and wild type yaeT alleles under the control of the arabinose-inducible promoter P BAD on compatible plasmids were grown in 25 ml LB to OD 600 ≈0.3 at 37°C before they were induced with 0.2% arabinose for 2 h. cross-linker for 30 min at room temperature on a rotating mixer. Reaction was quenched with Tris-HCl pH 7.5 (for DSP; 40 mM) or L-cysteine (for SPDP; 25 mM). Cells were pelleted and washed with cross-linking buffer. Cells cross-linked with DSP were made into extracts for immunoprecipitation as described above.
Proteins in cells cross-linked with SPDP were solubilized and denatured in PUTTS (100 mM NaH 2 PO 4 , 8 M urea, 10 mM Tris-HCl pH 7.5, 1% Triton X-100, 0.2% Sarkosyl) with 10 mM imidizole for 1 hr at room temperature on a rotating mixer.
Cellular debris was spun down and supernatant containing cross-linked soluble proteins were saved. Cross-linked proteins were purified using Ni-NTA Spin Columns (QIAGEN). Briefly, 600 µl of sample was passed through a Ni-NTA spin column preequilibrated with PUTTS with 10 mM imidizole. Next, the column was washed three times with PUTTS containing 100 mM imidizole. Bound proteins were eluted with 130 µl PUTTS containing 500 mM imidizole. All spins were done for 2 min at 400 or 800 × g. Eluates were mixed with SDS sample buffer, boiled for 5 min, and resolved on 11% SDS-polyacrylamide gel. Purified proteins were visualized by silver staining. Western blot analysis. Cultures were grown to OD 600 ≈0.3 before induction with arabinose (0.2% w/v final) at 37°C for 2 hr. The amount of His-tagged YfgL in 1 ml of whole cells was detected using HisProbe-HRP as described (19) . LamB in 0.25 ml of whole cells was probed using antibody raised against LamB (1:10000) as described (2) .
In a similar manner, AcrA, SurA, and YaeT were detected using antibodies raised against these proteins [AcrA (1:10000) and SurA (1:5000)] or a 15-residue N-terminal mature peptide (YaeT; 1:2000). 
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RESULTS
Identification of structurally and functionally significant YfgL residues. Clusters of conserved residues of homologous, functionally-exchangeable proteins from Supplementary FIG. S1 ). Moreover, expression of the cloned V. cholerae and P. aeruginosa yfgL genes from an IPTG-inducible pTrc99A vector complemented a ∆yfgL allele of E. coli (data not shown). This is significant since other proteins from V. cholerae and P. aeruginosa do not complement their E. coli counterparts, despite having higher sequence identity. For instance, VceC, the outer membrane component of the VceABC multi-drug-resistant efflux pump of V. cholerae, cannot complement TolC, the outer membrane member of the AcrAB-TolC efflux pump in E. coli (38) , even though VceC and TolC are 45% identical at the protein sequence level. The MexA and MexB of P. (34) . That V. cholerae and P.
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aeruginosa YfgL can still function in E. coli, despite sharing lower sequence identity, gives credence to the conserved regions. This study focuses on three regions in the mature E. coli YfgL sequence: P171 to P181, E221 to D229, and V319 to H328 (FIG. 1) .
The region P171 to P181 of YfgL has functional significance. Initially, to assess the overall relevance of this P171-P181 region to the structure and function of YfgL, the wild type residues S172 to A180 of the histidine-tagged yfgL clone were changed to amino acids that are overall bulkier, aromatic, and non-polar (Scramble 1) and those that have similar overall properties as the wild type's (Scramble 2) via two rounds of SDM. (The two flanking conserved proline residues, P171 and P181, were not altered because doing so might adversely affect the stability of the YfgL variant.)
The two scramble yfgL mutants exhibited pleiotropic phenotype very similar to that of a ∆yfgL strain. That is, the scrambled yfgL strains had reduced LamB levels, displayed vancomycin hypersensitivity, and formed extremely small, non-homogenous colonies in a ∆degP background at 30°C ( Table 1 ). The levels of the two mutant YfgL proteins were very similar to that of wild type, hence the yfgL mutant phenotype was not due to low YfgL levels ( Table 1 ). The scramble 1 and 2 alleles were recessive to the wild type yfgL allele (data not shown), indicating that the pleiotropic phenotype exhibited by the YfgL mutants was due to the synthesis of non-functional YfgL proteins. We surmise from these results that wild type residues S172 to A180 are indispensable for the proper functioning of YfgL. All three YfgL mutants with a single amino acid substitution produced the lipoprotein at levels close to that of the wild type, and they were phenotypically identical to the wild type in their production of LamB, sensitivity to vancomycin, and ability to form single colonies in a degP background at 30°C (Table 1) . Even when L173S and L175S are paired together, strain expressing the double mutant yfgL allele still showed wild type-like phenotypes (Table 1) . However, cells expressing YfgL with R176A and either L173S or L175S started to exhibit phenotypic defects. In particular, they had lower LamB levels, were sensitive to vancomycin, and could not form robust colonies in the absence of DegP (Table 1) . These defects were exacerbated and, with respect to vancomycin hypersensitivity and growth in degP background, became yfgL null-like in a strain expressing the yfgL allele with all three alterations ( Table 1 ). Note that all three strains exhibiting phenotypic defects produced YfgL 6His [L173S, R176A], Table 1 ). The phenotypes were unlikely due to reduced YfgL levels since another mutant described later, YfgL 6His [Y326A], did not display vancomycin hypersensitivity or growth defect in ∆degP background even when YfgL was expressed at only 31% of wild type level. Taken together, these data showed that residues L173, L175, and R176 of YfgL are functionally relevant, with R176 being the most important, followed by L175 and then L173. (35), it is reasonable to expect that YfgL variants were localized properly to the outer membrane.
on
Thus, the apparent lack of interactions is unlikely due to mislocalization of YfgL.
Previous studies have shown that each member of the YaeT complex makes physical and direct contacts with at least one other member (18, 32) . These interactions were demonstrated by His-tagging a component protein at the C-terminus followed by
on August 15, 2017 by guest http://jb.asm.org/ Downloaded from co-immunoprecipitation using anti-His-tag antibody (18, 32) . Similar coimmunoprecipitation experiments were performed to assay the physical interactions between YaeT and the YfgL 6His variants in this study.
To assess the specificity of the co-immunoprecipitation procedure, cell extracts from two strains expressing wild type YfgL 6His from a plasmid construct and either chromosomal or chromosomal plus plasmid-borne YaeT were incubated with and without His-tag antibody. Additionally, cell extracts from another culture expressing an inner membrane lipoprotein, AcrA 6His , were used as a negative control. Eluted immunoprecipitates were separated on a SDS-PAGE gel and silver stained (FIG. 2A) . In the presence of anti-His-tag antibodies, YfgL 6His co-precipitated with a protein that migrated at an apparent molecular weight of ≈90 kDa, which is the reported size of YaeT (43) We noted that the SDS-denatured YfgL mutant proteins migrated slightly differently from each other and the wild type YfgL 6His (FIG. 3B) . The reason for this behavior is not known, but it could be due to changes in the secondary structure of the To recap, we have shown that cells producing YfgL 6His with a single substitution at residue L173, L175, or R176 exhibit no apparent phenotypic defect, but they do display weakened YaeT-YfgL interaction. In order for the destabilized YaeT-YfgL association to survive gentle extraction, cross-linker-mediated stabilization is necessary.
It is possible that alteration to any residue in the P171 to P181 region of YfgL-not just the conserved L173, L175, and R176-would produce the same results. To eliminate this remote possibility, the non-conserved S172 residue was mutagenized to alanine. Cells expressing YfgL 6His [S172A] had wild type phenotype, just like those producing YfgL 6His with L173, L175, or R176 (Table 1) YaeT, as discussed above, the same S172 residue was replaced by a cysteine residue.
[Cells expressing this new yfgL allele exhibited only a slight phenotype (Table 1 ). Since (FIG. 4B, top panel) . Western blot analysis using anti-YaeT antibody showed that significant amounts of YaeT copurified with YfgL 6His [S172C], but only when SPDP was present (FIG. 4B, bottom panel, lanes 1-2) . In contrast, the amount of YaeT copurified with YfgL 6His [S172A] was dramatically less than the amount of YaeT copurified with YfgL 6His [S172C] (FIG. 4B, bottom panel, lanes 2-3) . Thus, SPDP could efficiently conjugate YfgL 6His [S172C] with its sulfhydryl-reactive end and YaeT with its aminereactive end, but not the other way around. These results show that residues within the P171-P181 region of YfgL make direct contact with YaeT. (FIG. 5A, lane 1-4) . As expected, whereas the amounts of YaeT pulled down by wild type YfgL 6His were similar with or without DSP (FIG. 5A, lane 5-6 ), the amounts of YaeT coprecipitated by the three YfgL 6His variants were significantly more when stabilized by DSP (FIG. 5A, Moreover, altering residues L173, L175, and R176 of YfgL resulted in decreasing amounts of YaeT copurified (FIG. 5A, lane 8, 10, 12) , showing that R176 is the most important residue in YaeT interaction, followed by L175 and then L173. Note that this corroborates the finding in the phenotype analysis section above that R176 is the most functionally relevant and L173 the least (Table 1) .
YfgL
Not surprisingly, significantly more SurA could be detected when cells received DSP treatment (FIG. 5A, lane 6, 8, 10 , and 12 vs. lane 5, 7, 9, and 11). In contrast to the large amount of YaeT, a barely visible amount of SurA coprecipitated with wild type YfgL 6His without DSP (FIG. 5A, lane 5) . These observations show that the interactions between SurA and the YaeT assembly complex are not as strong as those between wild type YfgL 6His and YaeT. Coincidentally and consistent with our findings, a recent work also detected SurA bound to the YaeT complex and that DSP-stabilization is required (33) . YaeT coprecipitated), the less SurA was brought down (FIG. 5A, lane 6, 8, 10, and 12) .
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The data suggest that the SurA species was not directly pulled down by YfgL 6His ; rather, YfgL 6His precipitated the YaeT machinery with SurA complexed to it. Thus, SurA does not appear to deliver its OMP cargo to the YaeT machinery via YfgL.
Even though our data provide evidence that incoming SurA does not bind to and SurA in whole cells (FIG. 5B, lane 1-2) . As FIG. 5B shows, the normalized ratio of SurA to YaeT 6His precipitated in a yfgL The YfgL region E221-D229 also makes contact with YaeT. We also investigated the significance of a second conserved region, which encompasses residues 221 to 229, of the YfgL protein by mutagenesis (FIG. 1B) . Residues that are identical in E. coli, V. cholerae, and P. aeruginosa were altered to alanine: E221A, D223A, R224A, D227A, and D229A. In addition, a yfgL allele containing the alteration S226C was created to gauge the proximity of this region to YaeT. (FIG. 6A, lane 1, 2, 4-6 ).
Next, we tested if the E221-D229 region of YfgL forms another contact point with YaeT using the same approach and logic we used earlier to show that the P171-P181 region makes direct contact with YaeT. Cells producing wild type YfgL 6His or YfgL 6His [S226C] were incubated with the cysteine-directed cross-linker SPDP before protein complexes were extracted under harsh conditions, affinity purified, and analyzed (FIG. 6B, lane 3 vs. 1) . These results show that the S226 residue-and therefore, the E221-D229 region-of YfgL are in very close proximity to YaeT.
The region V319 to H328 has structural importance, but no apparent functional significance. Thus far, we have investigated two regions of YfgL and found that both regions interact with YaeT. We analyzed a third conserved region, from V319 to H328, by mutagenesis to see if it also contacts YaeT (FIG. 1C) . Of the eight conserved residues in the region, G321 and G325 were not analyzed because they likely play a significant role in the structure of YfgL. The remaining six conserved amino acids were altered to serine or alanine: V319S, V320S, D322A, E324A, Y326A, and H328A. In addition, the serine at non-conserved residue 323 was altered to a cysteine. Western analysis revealed that steady-state levels of plasmid-borne YfgL 6His harboring a V319S, V320S, D322A, or H328A alteration were at or below 12% of the wild type YfgL levels. The severe biogenesis defects suggest that these four single alterations most likely prevented the proper assembly of the YfgL protein, leading to its degradation. Thus, residues V319, V320, D322, and H328 have an important role in the structure of the YfgL protein. However, the residues in this region-in particular, V319, V320, D322, and H328-are important for the structural integrity of the YfgL protein.
DISCUSSION
In this study, we used bioinformatics, genetics, and biochemical approaches and We showed that two regions of YfgL, P171 to P181 and E221 to D229, make direct contact with YaeT, but where in YaeT is unknown. A clue can be found in the recently published paper on the structure and function of the N-terminal POTRA domains P1-P5 of YaeT (15). Kim et. al. noted a singular β bulge in P3 formed by residues I240 and D241 (15) . When the significance of the bulge was tested by shifting I240 and D241 by two and four residues, it was found that both altered YaeT proteins were produced at wild type levels and complemented a YaeT-depletion strain (15) . However, the two-and four-residue shifts resulted in either severely weakened or loss of interactions between the mutant YaeT and YfgL, respectively (15) . Since moving residues I240 and D241 of YaeT impacted YfgL binding but not its essential functions (15) , it is tempting to propose Despite the fact that a strain deleted for both yfgL and surA exhibits a cold sensitivity synthetic phenotype (25) and has significantly lower LamB levels compared to strain deleted for one of the genes (30), the available data suggest that YfgL and SurA are not functionally equivalent. ∆yfgL ∆degP double mutant displays a conditional lethal phenotype that cannot be rescued by overexpression of surA (2) . Moreover, surA mutant has significantly reduced levels of OmpA, OmpC, OmpF and LamB compared to yfgL However, yfgL null mutants are also hypersensitive to inhibitors that normally cannot penetrate the outer membrane, indicating a gross breach in the outer membrane permeability barrier. Moreover, yfgL mutations were first isolated as suppressors of a mutant allele of the imp gene whose product is involved in LPS transport, establishing a genetic link between YfgL and LPS biogenesis (6) . Taken together, these findings suggest a broader role for YfgL in cell envelope biogenesis. regions: P171 to P181, E221 to D229, and V319 to H328. 
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